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Abstract The mechanisms of summertime diurnal pre-

cipitation in the US Great Plains were examined with the

two-dimensional (2D) Goddard Cumulus Ensemble (GCE)

cloud-resolving model (CRM). The model was constrained

by the observed large-scale background state and surface

flux derived from the Department of Energy (DOE)

Atmospheric Radiation Measurement (ARM) Program’s

Intensive Observing Period (IOP) data at the Southern

Great Plains (SGP). The model, when continuously-forced

by realistic surface flux and large-scale advection, simu-

lates reasonably well the temporal evolution of the

observed rainfall episodes, particularly for the strongly

forced precipitation events. However, the model exhibits a

deficiency for the weakly forced events driven by diurnal

convection. Additional tests were run with the GCE model

in order to discriminate between the mechanisms that

determine daytime and nighttime convection. In these tests,

the model was constrained with the same repeating diurnal

variation in the large-scale advection and/or surface flux.

The results indicate that it is primarily the surface heat and

moisture flux that is responsible for the development of

deep convection in the afternoon, whereas the large-scale

upward motion and associated moisture advection play an

important role in preconditioning nocturnal convection.

In the nighttime, high clouds are continuously built up

through their interaction and feedback with long-wave

radiation, eventually initiating deep convection from the

boundary layer. Without these upper-level destabilization

processes, the model tends to produce only daytime con-

vection in response to boundary layer heating. This study

suggests that the correct simulation of the diurnal variation

in precipitation requires that the free-atmospheric destabi-

lization mechanisms resolved in the CRM simulation must

be adequately parameterized in current general circulation

models (GCMs) many of which are overly sensitive to the

parameterized boundary layer heating.
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1 Introduction

It has been a well-recognized problem that most of the

current general circulation models (GCMs) exhibit sub-

stantial biases in their simulation of the diurnal cycle of

warm season precipitation. Deep convection tends to

develop too early over land, where they produce too much

rainfall in the daytime and too little precipitation during the

nighttime (e.g., Ghan et al. 1996; Dai et al. 1999; Zhang

2003; Collier and Bowman 2004; Dai and Trenberth 2004;

Dai 2006; Lee et al. 2007a, b, c). This problem extends

beyond GCMs to impact the quality of many data assimi-

lation products (those that require the GCMs for a first

guess field), suggesting there exists a common, intrinsic

problem that is difficult to correct with observations and is

apparently associated with deficiencies in the parameter-

ized model physics (Lee and Schubert 2008).
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A number of previous studies suggest that the central

problem has to do with deficiencies in the deep convection

scheme (e.g., Xie and Zhang 2000; Zhang 2003; Lee et al.

2007a among many others). The predominance of daytime

precipitation over land suggests that the models are overly

sensitive to the diurnal heating in the planetary boundary

layer (PBL). A majority of the convection schemes cur-

rently implemented in GCMs are based on a closure

assumption tied to the convective available potential

energy (CAPE) (e.g., Arakawa and Schubert 1974). CAPE

is defined as the amount of energy an air parcel would have

if lifted a certain distance vertically through the atmo-

sphere. It measures the convective instability of a given

column (basically influenced by both the boundary layer

and free-atmospheric large-scale processes), and is most

efficiently built up during the daytime as the PBL grows

with the heating at the ground. On the other hand, CAPE is

reduced and convection is suppressed in the model during

the night in association with the large negative buoyancy

linked to nighttime surface cooling. In order to overcome

this large negative buoyancy, a certain external source of

energy must be provided for triggering convection (Kain

and Fritsch 1992). In this regard, Xie and Zhang (2000)

argued that CAPE would be a necessary, but not a suffi-

cient condition for initiating deep convection.

It is clear that there must exist other destabilization

mechanisms in nature that complicate the diurnal

response of deep convection. In particular, it appears that

the large-scale circulation plays an important role in

suppressing, triggering, organizing and dissipating the

convective systems (e.g., Silva Dias et al. 1987; Higgins

et al. 1997; Carbone and Tuttle 2008). Those mechanisms

are often implemented as ad hoc convection triggers and/

or inhibition functions that are meant to be simple sur-

rogates for nature’s more complex large-scale controls on

the deep convection (e.g., Xie and Zhang 2000; Zhang

2003; Lee et al. 2008). For example, several models have

incorporated a dependency on the large-scale vertical

motion in such a way as to trigger deep convection or

expedite the consumption of the convective instability in

the presence of large-scale ascending motion (e.g., Fritsch

and Chappell 1980; Kain and Fritsch 1992; Pan and Wu

1995; Hong and Pan 1998). Such implementations are

usually incomplete, however, and have only shown mar-

ginal improvements to the simulated diurnal cycle.

Indeed, the two-way interaction between the large-scale

environment and convection remains as an unresolved

problem, limiting our ability to parameterize the process

of deep convection in coarse-grid GCMs. The above

discussion suggests that there is a need for a more com-

prehensive framework that could facilitate an improved

understanding of the linkages between convection and the

large-scale environment.

Cloud-resolving models (CRMs) have definite advanta-

ges over parameterized GCMs in studying the impacts of

large-scale environments on the development of cumulus

convection, since they do not include any causality

assumption between them. Those models are now being

widely tested and embedded in several GCMs in place of

parameterized convection and cloud processes (often

referred to as superparameterization, Grabowski and

Smolarkiewicz 1999; Randall et al. 2003). CRMs are also

used for diagnosing problems with the GCM parameteri-

zations (e.g., Guichard et al. 2004; Chaboureau et al. 2004;

Xie et al. 2005). In this study, we investigate the important

forcing mechanisms that drive the diurnal variation in

convection, with a specific focus on examining the roles of

the boundary heating and the large-scale dynamics in ini-

tiating deep convection.

Using the CRM, we specifically target the simulation of

summertime precipitation over the US Great Plains. One of

our primary objectives is to enhance our understanding

of the observed nocturnal precipitation maximum in that

region (Wallace 1975)—a region where most GCMs fail to

capture this pronounced signal. Previous observation

studies suggest that several mechanisms could explain the

nocturnal precipitation maximum over the US Great Plains.

One distinctive feature is the systematic delay in timing of

the diurnal precipitation maximum eastward from the

Rockies to the adjacent Plains (Riley et al. 1987; Carbone

et al. 2002; Nesbitt and Zipser 2003; Carbone and Tuttle

2008; etc.). Carbone et al. (2002) suggested that nocturnal

precipitation over the Plains is mainly associated with

eastward propagating convective episodes, where the

propagation speed is close to that of gravity waves. In an

updated observational study, Carbone and Tuttle (2008)

confirmed their previous findings and suggested that

nocturnal precipitation is primarily determined by (1) the

passage of eastward-propagating rainfall systems that

form over the mountains; (2) the nocturnal reversal of a

mountain–plains circulation; and (3) nocturnal moisture

convergence driven by the low-level jet. In fact, the role of

the nocturnal low-level jet has been emphasized in many

other studies (e.g., Helfand and Schubert 1995; Ghan et al.

1996; Higgins et al. 1997; Schubert et al. 1998), high-

lighting the important regulation of diurnal convection on

sub-continental scales.

Our goal in this study is to improve our understanding of

the mechanisms that drive the diurnal cycle of Great Plains

precipitation, with the broader goal of improving the

parameterization of the mechanisms that drive the diurnal

cycle in current GCMs. We use a two-dimensional (2D)

CRM with a zonal-vertical domain, forcing it with the

observed large-scale fields derived from the atmospheric

radiation measurement (ARM) observations at the South-

ern Great Plains (SGP) sites. In particular, the forcing
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consists of three-hourly observations that include the large-

scale winds, the large-scale advection of temperature and

mixing ratio of water vapor, and the surface sensible/latent

heat fluxes (spatially uniform over the horizontal grids).

We note that a version of the CRM similar to this was used

by Sui et al. (1998) and Tao et al. (2003) to study the

mechanisms of diurnal precipitation over the tropical

oceans.

2 Model and experiments

The model used in this study is the latest version of the

Goddard Cumulus Ensemble (GCE) model (Tao et al.

2003), originally developed by Tao and Simpson (1993). It

is an elastic, non-hydrostatic, cloud-resolving model with

detailed cloud microphysics that facilitates the study of the

development of mesoscale convective systems and their

interactions with large-scale dynamics. Prognostic vari-

ables include winds, potential temperature, perturbation

pressure, turbulent kinetic energy, and mixing ratios of all

water phases (vapor, liquid and ice). The model has various

options for the ice cloud microphysics. The three-class ice

(3ICE) scheme was used for this study, which treats ice

cloud, snow, and hail explicitly. The shortwave and long-

wave radiation schemes are fully interactive with clouds

based on a comprehensive parameterization of optical

properties for various types of hydrometeors (Tao et al.

1996). The sub-grid scale turbulence parameterization is

based on Klemp and Wilhelmson (1978) and Soong and

Ogura (1980). Other details of the model are described in

Tao et al. (2003) and the references therein.

The GCE model has been tested extensively both in 2D

(e.g., Johnson et al. 2002) and three-dimensional (3D)

configurations (e.g., Tao and Simpson 1989; Lang et al.

2007; Zeng et al. 2007). In this study, we used the 2D

(zonal and vertical) version. The model extends horizon-

tally over a 128 km-long zonal domain with 1-km grid

spacing, and vertically from the ground up to 20 km with

41 vertical levels. The time step is 6 s. The CRM is run

with cyclic lateral boundary conditions—an option that is

commonly used to avoid reflection of gravity waves at the

lateral boundaries and allow multi-day integrations. The

model is forced only by the prescribed large-scale advec-

tion over the domain (there are no extra heat and moisture

sources), and therefore avoids any unnecessary complica-

tions that would otherwise arise in computing the

momentum and heat budgets (Soong and Tao 1980). We

note that the domain size of 128 km is relatively small, and

the horizontal resolution of 1 km is moderate, compared

with other recent CRM studies. However, the results are

qualitatively consistent with those from runs with larger

domains (tested up to 512 km) and finer resolution (see

‘‘Appendix’’). Johnson et al. (2002) and Khairoutdinov and

Randall (2003) found a similar sensitivity to the changes in

the domain size and resolution in their CRM experiments.

This study investigates the response of the GCE model

to the prescribed large-scale forcing derived from obser-

vational data, which varies continuously in time. We used

the ARM IOP single-column model forcing data at SGP to

drive the GCE and validate the model simulation. These

data contain three-hourly vertical sounding observations

that were post-processed into area-averaged single profiles

using an objective analysis scheme developed by Zhang

and Lin (1997). The values represent the mean ARM cloud

and radiation test best (CART) domain rather than a single

point (Zhang et al. 2001). The forcing data also provide the

surface latent and sensible heat fluxes derived from site-

wide averages of observed fluxes from the ARM energy

balance bowen ratio (EBBR) stations. The reader is pointed

to the description in Zhang et al. (2001) for the details in

the objective analysis procedure and the input data source

from various observations.

The first set of GCE experiments consists of model

simulations with continuous observational forcing over

each IOP period. Three IOPs were selected for studying the

warm-season convective episodes and their time–mean

diurnal variation. These consist of the summer periods of

1995, 1997 and 1999. Each case has a different observing

duration but together they make up about 55 days of

observations. The large-scale forcing includes the zonal

and meridional winds, vertical motion, and advection ten-

dencies of temperature and moisture (water vapor mixing

ratio), which were prescribed uniformly over the model

domain. For simplicity, surface sensible and latent heat

fluxes were also prescribed uniformly by assuming

homogenous surface characteristics in the lower boundary

over the computation domain. The observed hourly surface

precipitation provided by the ARM forcing dataset was

used to validate the domain-averaged precipitation simu-

lated by the GCE model. These data are based on the

Arkansan Basin Red River Forecast Center (ABRFC) 4-km

gridded rainfall analysis, which in turn are based on radar

measurements that have been adjusted by the surface rain

gauge observations. The study also makes use of the

observed cloud fraction at the ARM SGP obtained from the

Cloud Modeling Best Estimate (CMBE) dataset. This

hourly cloud fraction was derived from the combined

estimate of the ARM millimeter-wave cloud radars

(MMCR), micropulse lidars (MPL), and laser ceilometers

measurements, and vertically gridded to a resolution of

45 m beginning at 195 m above the ground.

The second set of GCE experiments consists of more

idealized simulations in which the model is constrained

with the same repeating diurnal variation of the large-scale

advection and/or surface latent and sensible heat fluxes.
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These are designed to discriminate between the mecha-

nisms that determine daytime and nighttime convection.

The prescribed forcing in this case was obtained by aver-

aging the time-varying ARM forcing over all the IOPs,

while retaining the diurnal variation. Sect. 3.2 provides

further details about the experimental setting.

Our approach is analogous to the single-column model

approach used in GCMs. Cloud systems are explicitly

simulated in CRMs, and their collective responses as rep-

resented by a domain average can be straightforwardly

compared with the single-column GCM simulation that is

driven by identical large-scale advection and surface flux.

A key limitation of this approach is in representing the

observed eastward propagation of mesoscale convective

systems, which, as noted earlier, is one of the important

processes contributing to the nocturnal precipitation over

the US Great Plains (Maddox 1980; Riley et al. 1987;

Carbone et al. 2002; Nesbitt and Zipser 2003). Specifically,

a CRM with cyclic boundaries cannot adequately represent

the propagation of waves or precipitating systems into the

domain from the outside. Those influences are only crudely

included in the prescribed large-scale advection forcing.

Khairoutdinov and Randall (2003) indicate that the CRM

can severely underestimate the cloud fraction possibly

because of its inability to account for the lateral advection

of clouds over the ARM site. Nevertheless, the results

of this study should be valuable for identifying the key

processes that drive the diurnal cycle of convection, and

should be useful for improving the convective parameteri-

zations in current GCMs.

3 Results

3.1 Test in the realistic case

We first examine the ability of the GCE model to reproduce

various precipitation events that occurred during the

three summertime ARM IOPs, in response to the observed

time-varying large-scale atmospheric and surface boundary

forcing. Figure 1 compares the time variations of the

observed and simulated precipitation. The model simula-

tion captures the temporal evolution of precipitation events

and their magnitudes. For example, the model captures the

strong daily precipitation episodes during the early 1995

IOP (19–26 July), followed by the dry period (27–31 July),

and then followed by the longer-lasting wet period (1–3

August). The model also shows reasonable simulations for

the other two IOPs, except for a few specific events (for

example, in 6–8 July 1997 and 16 July 1999).

Although the model simulates the observations reason-

ably well, particularly for the strongly forced precipitation

variability that occurs on the time scale of a few days, it

does less well in simulating the diurnal variations. For

example, during 20–26 July 1995, when the observation

shows very regular nocturnal precipitation events, the

model captures only half of those events with accurate

timing. The remaining events are misrepresented as day-

time events. To get a better sense of the simulated diurnal

cycle of precipitation, we constructed a time–mean 24-h

diurnal time series by averaging the precipitation amount

hour by hour over the entire 55 days. Those results are

Fig. 1 Time series of three-hourly precipitation (mm day-1) from

the observation (black) and the GCE model simulation (red) during

three ARM IOPs in 1995, 1997, and 1999. The observation represents

the area average of precipitation over the ARM SGP ground stations,

whereas the model simulation is the average over the whole

computational domain
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shown in Fig. 2a and c. The observed precipitation amount

shows a clear maximum in the nighttime centered on local

midnight (Fig. 2a), which is consistent with the results

from other observational studies that analyzed longer pre-

cipitation records (e.g., Higgins et al. 1997). This feature is

more or less reproduced in the model simulation (Fig. 2c),

but with a much smaller difference between the daytime

and nighttime values. On the other hand, the precipitating

events, defined as the periods with precipitation greater

than 1 mm day-1 for a given time of the day, are more

frequent during the late evening and nighttime in the ARM

observations (Fig. 2b), whereas the model shows the

largest frequency in the afternoon (Fig. 2d). Overall, the

diurnal variation of the model precipitation from the

55-day long time series is relatively flat and less prominent

compared with the observations.

The above deficiencies in the simulated diurnal cycle of

precipitation is consistent with what is found in many

single-column GCM simulations, although the GCMs

exhibit even stronger daytime precipitation (e.g., Guichard

et al. 2004). This deficiency is likely in part due to the fact

that the model configuration does not explicitly account for

the convective systems propagating into the domain—a

feature that is also not present in single-column GCMs.

In the absence of convection propagating into the domain,

the CRM requires explicit forcing to drive nocturnal con-

vection, which in this case comes from the prescribed

large-scale advection. This motivates us to turn to longer-

time integrations of the GCE model with idealized forcing

from observations of the diurnal cycle to help gain further

insights into the diurnal precipitation mechanisms. The

interpretation is that the CRM is responding as if it were

a GCM grid cell to correct diurnal temperature and mois-

ture tendencies. This provides a useful framework for

testing mechanisms that could be inserted into a GCM to

produce an improved simulation of the diurnal cycle of

precipitation.

3.2 Idealized cases

Four idealized experiments were conducted with the GCE

model and those are summarized in Table 1. Each experi-

ment was integrated for 100 days, which was long enough

to obtain equilibrated statistics. In the first experiment

(hereafter EXP1), the model was driven by the observed

ARM background forcing, consisting of the 46-day aver-

ages of IOP95 and IOP97 but retaining the diurnal

variation—we excluded the IOP99 in the average, simply

(a) (b)

(c) (d)

Fig. 2 Diurnal variations of the

precipitation amount

(mm day-1) and the frequency

of precipitation events larger

than 1 mm day-1. a and b are

the amount and frequency from

the observation and c and

d from the model simulation,

respectively
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because of its short observing period having only one

precipitating event. Therefore, the variability of time scales

longer than a day is suppressed in the background forcing

by design. Figure 3 shows the time-averaged large-scale

advection of moisture and temperature (horizontal and

vertical advections combined), vertical motion, and sensi-

ble and latent heat fluxes. Those were prescribed in the

EXP1 run during the entire integration period. The second

(EXP2) and the third (EXP3) experiments examine the

individual role of the large-scale atmospheric destabiliza-

tion process and the surface flux in driving the diurnal

variation of precipitation. The EXP2 run used the same

diurnally varying surface flux as EXP1 but with no large-

scale advection, whereas the model was driven with the

diurnally varying large-scale atmospheric forcing in EXP3

but with no surface flux. In the last experiment (EXP4), the

diurnal variations of the large-scale forcing and the surface

flux were averaged out from the configuration of EXP1,

and the model was driven by time-invariant forcing.

Diurnal variations of the precipitation amount and

frequency from the four experiments are compared in

Table 1 A description of the large-scale forcing prescribed to the

model in the four idealized experiments

Experiment Forcing

EXP1 Diurnally varying large-scale advection and surface flux

EXP2 Diurnally varying surface flux with no large-scale

advection

EXP3 Diurnally varying large-scale advection with no surface

flux

EXP4 Constant large-scale advection and surface flux

(a)

(b)

(c)

(d)

(e)

Fig. 3 Time–mean diurnal variations of the large-scale advection

tendencies of a temperature (K day-1) and b moisture (g kg-1 day-1)

c vertical motion (cm s-1), and the surface d sensible and e latent heat

fluxes (W m-2). The values are the averages of 46 days during the

ARM 1995 and 1997 IOPs
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Fig. 4. Note that the time–mean total precipitation

amount is approximately the same in EXP1 and EXP4

(5.6 mm day-1), which is close to the sum of the other two

experiments (EXP2: 3.3 and EXP3: 2.2 mm day-1). In all

cases the timing of the peak in the diurnal cycle of pre-

cipitation amount is consistent with the peak in the

frequency. All of the experiments show clear diurnal

variations with, however, different peak timing. It is

interesting to see that EXP1 shows two peaks, one in the

afternoon (around 1600 LT) and the other during the night

(around 0500 LT). It turns out that this bimodal peak is

simply a superposition of two distinct precipitation events

(see next subsect.). On the other hand, EXP2 shows a

single peak at noon. The diurnal variation is quite opposite

to that in EXP3, where the nocturnal precipitation is

dominated by a peak at 0600 LT with almost no precipi-

tation in the afternoon during 1300–1700 LT. When the

prescribed large-scale advection and the surface flux

Fig. 4 Diurnal variations of the

precipitation amount (left
panels, unit: mm day-1) and the

frequency of precipitation

events larger than 1 mm day-1

(right) from the four idealized

runs
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contain no diurnal variations (EXP4), the diurnal variation

of precipitation is substantially suppressed. This suggests

that those are the key processes to driving the diurnal

variation of precipitation in this cloud-resolving model.

Note that, although not very prominent, the model does

tend to produce slightly more rainfall in the nighttime

in EXP4. We found that with time-invariant forcing the

model atmosphere becomes gradually unstable particularly

through the constant surface flux in the boundary layer

until it finally triggers convection to stabilize the atmo-

sphere. Although the time-invariant surface flux eliminates

the influence of diurnally varying surface solar radiation,

the model atmosphere is still free to change by radiation. In

this case the atmospheric longwave cooling can decrease

the stability at night and provide a favorable condition for

the nocturnal precipitation. On the other hand, atmospheric

shortwave heating can increase the stability during the

daytime.

The results from these idealized experiments provide

evidence for two distinct mechanisms—one that drives the

daytime convection and another that drives nighttime con-

vection. The diurnal variation of surface flux is mainly

responsible for the development of convection in the after-

noon. The sensible and latent heat fluxes reach their maxima

around local noon time (Fig. 3), which induce the PBL

heating to increase the convective available potential energy

(CAPE). Note that the precipitation frequency reaches up to

80–90% during the peak time in EXP2, which suggests that

the convection develops almost every day. This feature

basically corresponds to the behavior of many GCMs based

on the CAPE-type closure for deep convection (e.g., Lee

et al. 2007a, b, c). On the other hand, the mechanisms

responsible for nocturnal precipitation must be largely rela-

ted to the diurnal variation of large-scale atmospheric

forcing, since the nocturnal precipitation events simulated in

EXP1 disappeared in EXP2 and reappeared in EXP3. The

nocturnal peak is more pronounced in EXP3 when compared

with EXP4, which suggests that the large-scale advection

acts to further destabilize the atmosphere in the nighttime in

addition to the nocturnal longwave cooling.

The maximum development of precipitation between

late night and early morning in EXP1 and EXP3 coincides

with positive moisture advection and large-scale ascending

motion in the lower troposphere below 700 hPa (see

Fig. 3a–c), which can provide a favorable condition for

deep convection. However, whether or not these large-

scale atmospheric forcing actually triggers convection is

not clear. Indeed the forcing includes a semi-diurnal

component with the other peak occurring in the evening

(1600–2000 LT), which is not necessarily accompanied by

precipitation. Instead, the simulated nocturnal precipitation

occurs after a large increase of moisture and ascending

motion that peaks at 500 hPa during the nighttime due to

large-scale advection. Understanding the nocturnal pre-

cipitation mechanisms requires further analysis, which we

discuss next.

4 Discussion

In order to better understand the mechanisms for the day-

time and nighttime precipitation, we examine EXP1 in

more detail. Figure 5 shows the diurnal composites of

precipitation and vertical distribution of clouds for the

daytime and the nighttime precipitation days. For the

daytime composite, we first calculated the hourly time

series of domain-averaged precipitation and cloud con-

densates, and then averaged over the days when the

precipitation exceeded 1 mm day-1 during 1400–1800 LT.

The nighttime composite was done in a similar way but

during 0200–0600 LT. The composite analysis shows that

the simulated precipitation events are well separated

between the daytime and the nighttime cases, implying that

the bimodal peaks in Fig. 4a are simply a superposition of

two distinct cases. The typical duration of the precipitation

is 3–5 h for most of the simulated storms. The composites

also show that the daytime precipitation events mostly

develop after 1400 LT, reaching their diurnal maximum

within 2 h or about 1600 LT. The decaying stage is slower

than the developing stage, taking about 4 h before the

systems finally dissipate at 2000 LT. The fast developing

stage of precipitation is associated with deep convective

clouds rooted in the PBL, whereas the cumulus anvil-type

high clouds are associated with the slowly decaying stage.

This seems to represent a typical evolution of deep con-

vection over land in the GCE. On the other hand, the

nighttime rainfall cases involve precipitation more widely

spread in time from midnight to noon local time with a

maximum at around 0400–0600 LT, and with an amplitude

that is weaker than for the daytime convection case. We

found that the wide spread in time of precipitation does not

necessarily indicate a longer duration of individual pre-

cipitating events. The composite, in fact, suggests a weaker

phase-locking of precipitation with the diurnal cycle than

for the daytime precipitation case. Note that mid-to-high

clouds form before nocturnal precipitation begins, sug-

gesting a possible role of high clouds in producing top-

down development of the nocturnal convection, compared

with the bottom-up evolution of daytime convection.

We next look in more detail at the life cycle of indi-

vidual storms. Two storms representing the daytime and

the nighttime precipitation cases were examined following

their movements (Figs. 6, 7). Note that these are grid point

values at the center of the storms (defined as the local

precipitation maximum), which should be useful for

understanding the structure of an individual convective
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system such as its vertical motion field, as well as how it

interacts with radiation. We found that these cases are good

representations of the typical evolution of daytime and

nighttime convection simulated by the model. The daytime

convection case (Fig. 6) is consistent with the domain-

averaged composite (Fig. 5, left panels), in that the con-

vection cell is destabilized from the turbulent boundary

layer. The storm initiates vertical motion in the boundary

layer, which eventually leads to a vertical flushing of mass

throughout the deep column (Fig. 6c). Before the devel-

opment of deep convection, the atmosphere is free of clouds

(Fig. 6a), and the shortwave heating (Fig. 6d) is larger than

the longwave cooling (Fig. 6e) by 1–2 K day-1. The

shortwave heating is quite uniform in the vertical. As

mentioned earlier, the enhanced surface fluxes maximize at

local noon and are mainly responsible for the boundary

layer heating and the increase in convective instability.

In the nighttime convection case (Fig. 7), there is a

significant build-up of high clouds before nocturnal pre-

cipitation develops (Fig. 7a). In the absence of shortwave

radiation in the nighttime, longwave cooling at the top of

clouds and heating from below can effectively increase the

convective instability (Fig. 7d, e). The vertical depth of

the heating layer associated with high clouds increases as

the cloud amount increases (Fig. 7a), and deep convection

eventually develops from the boundary layer (Fig. 7c),

producing nocturnal precipitation (Fig. 7b). Note that the

daytime convection does not immediately follow the

nighttime convection in the same day in EXP1. The next

precipitating systems tend to develop about one and one

half days later in the daytime, suggesting that the model

requires some time to rebuild the convective instability.

In explaining the nocturnal convection, the build-up of

high clouds during the nighttime is an essential component,

but the mechanisms responsible for that are not clear.

Considering that they are non-precipitating, stratiform-type

clouds, the following processes are hypothesized to help

saturate the upper atmosphere: (1) cooling induced by

longwave radiation and/or upward vertical motion, and (2)

moisture increase by large-scale advection. Both processes

increase the relative humidity and may induce a feedback

though the interaction of condensational heating and verti-

cal motion. Relating these processes to the prescribed large-

scale advection (Fig. 3), mid-to-upper level moisture

advection seems to be more responsible in this case for

building up high clouds, rather than the temperature

advection, which actually shows a tendency for warming.

By carrying out additional sensitivity experiments to

separate the impacts of horizontal and vertical moisture

advection, we found that the vertical moisture advection

is critical for driving nocturnal convection in the

model. When the vertical moisture advection tendency is

Fig. 5 Diurnal composites of the vertical distribution of cloud, as

indicated by the sum of total hydrometeors including cloud water, ice,

rain, snow, and hail (top panels), and surface precipitation (bottom)

for the daytime convection (left) and the nighttime convection cases

(right). The units are g kg-1 for clouds and mm day-1 for

precipitation
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eliminated from the prescribed large-scale forcing, the

model generates only the daytime convection, reaching its

maximum magnitude in the afternoon (1600 LT) (not

shown). The ARM observations seem to support this to a

large degree. Figure 8 shows the observed vertical advec-

tion tendency of moisture and surface precipitation during

the periods of strong nocturnal precipitation events (19–24

July) and the quite inactive period of precipitation (26–31

July) in the IOP95. Observed nocturnal precipitation

events are mostly associated with increased moisture due to

vertical advection. It is, however, unclear from the obser-

vations whether the increase of moisture by vertical

(a)

(b)

(c)

(d)

(e)

Fig. 6 Life cycle of the storm developed in the daytime. Presented

are a the total hydrometeors (g kg-1) b the surface precipitation

(mm day-1) c the vertical motion (cm s-1), and the radiation heating

rates by d shortwave and e longwave (K day-1). Values are at the

center of the storm (defined as the local precipitation maximum),

which progresses eastward in time
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advection triggers nocturnal precipitation or whether the

nocturnal precipitation drives vertical moisture advection.

In fact, one cannot easily separate the two processes as they

can interact and feedback on each other. However, the GCE

model simulation suggests an important role of cloud–

radiation feedback between high-cloud and longwave

radiation, which further destabilizes the atmosphere and

induces deep convective systems in the nighttime.

We tested this hypothesis by conducting additional sen-

sitivity experiments with the GCE model, where we

eliminated the radiative impacts of clouds in EXP3 (the case

when the nocturnal precipitation is dominant). This was

done in the model by assuming zero optical thickness for the

cloud in each integration time step. We simulated the cases

of no radiative interaction of clouds both in longwave and

shortwave radiation, but here we only discuss the former to

(a)

(b)

(c)

(d)

(e)

Fig. 7 Same as in Fig. 6 but for the convective storm developed in the nighttime
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elucidate the role of longwave cloud radiative forcing in the

nocturnal precipitation process. Figure 9 shows the diurnal

variations of the precipitation amount and the frequency

from the experiment with no cloud-longwave radiation

interaction. Comparing with EXP3 (shown in the third-row

panels in Fig. 4), the amplitude of the diurnal variation of

precipitation amount (Fig. 9a) has been reduced by about

half from that of EXP3. In this case, the model tends to

generate precipitation more frequently during almost every

day (Fig. 9b), but with a much reduced intensity in the

domain-averaged precipitation (not shown). Without any

imposed surface flux, only the nocturnal longwave cooling

of the atmosphere acts to drive nighttime precipitation

associated with the large-scale advective moisture increase.

The sensitivity experiment suggests again that the nocturnal

longwave cooling by clouds is working in such a way as to

amplify the nocturnal precipitation.

In order to further assess the realism of the model

simulations we examine in Fig. 10 the seasonal-mean

diurnal variations of cloud fraction and precipitation from

the ARM observations. Because of the highly varying

nature of clouds in time, we averaged the data over a

(a)

(b)

Fig. 8 a Time-height variation of the vertical moisture advection of

moisture (g kg-1 day-1) during 00UTC 19 July–00 UTC 1 August

1995 obtained from the ARM IOP forcing data in the IOP1995.

Negative values are shaded and contoured in dashed line. b Shows the

time variation of surface precipitation (mm day-1) averaged over the

ARM SGP ground stations for the corresponding period

(a) (b)

Fig. 9 Diurnal variations of the precipitation a amount (unit:

mm day-1) and b frequency of precipitation events larger than

1 mm day-1 from the sensitivity run without longwave cloud

radiative forcing in EXP3 (see the text for the detail). The diurnal

cycle of precipitation was obtained from the last 50 days from the

100-day model simulation
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season (June–July 1997). There is a late evening maximum

(18-00 LT) in the diurnal cycle of high-cloud fraction at 9–

12 km, which precedes the nocturnal precipitation maxi-

mum at 01–02 LT. Just before the time of maximum

precipitation the cloud distribution expands downward in

the vertical, indicating an active convection regime. This

observed feature is qualitatively similar to the model result.

In the US Great Plains, the possibility of high-cloud gen-

eration by pre-existing cloud systems that are initiated over

the Rocky Mountains (Riley et al. 1987; Carbone et al.

2002; Carbone and Tuttle 2008) and moisture transport by

the nocturnal low-level jet (Helfand and Schubert 1995;

Schubert et al. 1998) should also be considered in con-

tributing to the nocturnal build-up of high clouds. We

suggest that those processes are implicitly represented in

the imposed large-scale forcing that we use in this study,

although the current setup of the CRM cannot adequately

account for high-clouds entering into the domain associ-

ated with propagating convective systems.

5 Summary and conclusions

The 2D GCE cloud-resolving model was used to help

understand the mechanisms that drive the diurnal cycle of

precipitation in the summertime US Great Plains. The

model was run on a 128-km zonal by 20-km vertical

domain and forced with the large-scale background state

(i.e., advection tendencies of mass, temperature, and

humidity) and surface fluxes (i.e., surface sensible and

latent heat fluxes) derived from the ARM observations in

the Southern Great Plains. The model captures most of the

observed (1995, 1997, and 1999 IOP) rainfall events rea-

sonably well with realistic magnitudes, particularly for the

strongly forced events driven by synoptic disturbances.

However, the model does less well for the weakly forced

diurnal convection events that developed during the night.

Four idealized 100 day GCE simulations were con-

ducted in order to gain further insights into the diurnal

precipitation mechanisms. The first experiment (EXP1)

(a)

(b)

Fig. 10 Observed seasonal-

mean diurnal variations of a the

cloud fraction (%) and b the

precipitation (mm day-1) at

ARM SGP during June–July

1997. The diurnal cycles are

obtained from hourly-mean

observations. In (a), the cloud

fraction is shaded in 5% interval

with 1-2-1 smoothed contours in

the time (local time)-height

(km, from ground) domain
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was driven by the time–mean diurnal variations in the

large-scale atmospheric advection and surface fluxes. The

second experiment (EXP2) was provided only with the

time–mean diurnal variation of the surface flux, and

the third (EXP3) only with the time–mean diurnal variation

of large-scale advection. The fourth experiment (EXP4)

used the time invariant large-scale advection and surface

flux with no diurnal variation. Each model integration

revealed a distinctive and robust feature in the simulated

diurnal cycle of precipitation. EXP1 is characterized by

two peaks in the time–mean diurnal cycle of precipitation,

which turned out to be simply a superposition of daytime

and the nighttime convection that develops independently.

On the other hand, EXP2 shows only the daytime con-

vection, whereas EXP3 shows predominantly nocturnal

precipitation. These results suggest that there are two dif-

ferent destabilization processes for diurnal convection. The

diurnal variation of the surface flux triggers the daytime

development of deep convection, whereas the large-scale

dynamical forcing drives the nocturnal convection. This is

consistent with EXP4 which shows a very suppressed

diurnal variation of precipitation.

The results also highlight the important roles of the

large-scale upward motion and associated moisture

advection in preconditioning nocturnal precipitation

events. These act to saturate the upper troposphere and

produce high clouds, which develop ahead of the deep

convection. The long-wave radiation interacting with high

clouds decreases the vertical stability by cloud-top cooling

and cloud-base warming, and eventually triggers nocturnal

deep convection. This top-down destabilization process is

in contrast to the daytime convection where the boundary

layer grows by surface heating which eventually triggers

deep convection (bottom-up destabilization).

The high-cloud destabilization process for triggering

nocturnal convection examined here is similar to the

mechanisms proposed for oceanic diurnal convection in the

deep tropics. Several modeling and observational studies

have examined how clouds can interact with radiation such

as through cloud-top cooling and cloud-base warming to

destabilize the atmospheric column under the stratiform

cloud layer (e.g., Webster and Stephens 1980; Randall

et al. 1991; Liu and Moncrieff 1998), and/or through dif-

ferential cooling between clear and cloudy regions to

enhance dynamic convergence into the cloud system (e.g.,

Gray and Jacobson 1977). Using another CRM, Xu and

Randall (1995) showed that the diurnal cycle of deep

convection over the tropical oceans is basically a direct

response to cloud-radiation interactions, in which solar

absorption by clouds stabilizes the large-scale environ-

ments during the daytime relative to the nighttime.

However, their simulated rainfall for both interactive and

non-interactive clouds is quite similar, although the

interactive case delays the nocturnal peak by a few hours.

Liu and Moncrieff (1998) confirmed that the direct inter-

action between radiation and clouds is the dominant

process rather than the cloud/cloud-free differential heating

based on their CRM simulation results. They also showed

that highly (less)-organized cloud systems with strong

ambient wind shear can have strong (weak) diurnal varia-

tions of rainfall. Although those previous studies

emphasized the important role of direct cloud–radiation

interaction, they basically assume preexisting clouds with

no explanation as to what processes are responsible

for generating clouds in the nighttime. Regarding this,

Tao et al. (1996, 2003) suggested an important role of

large-scale free-atmospheric cooling in the nighttime by

longwave radiation for destabilizing the large-scale envi-

ronment in the tropics. They suggested that the nocturnal

longwave cooling is important for increasing the relative

humidity and available precipitable water (Sui et al. 1997,

1998), but not CAPE, in the case of the tropics with high

moisture content. Those arguments are generally consistent

with the findings in this study. Considering the case of the

relatively dry, midlatitude continent, the nocturnal cooling

effect alone may not be sufficient to increase the RH. Our

GCE model results showed that the moisture increase by

large-scale advection is required to generate nighttime

convection. When the large-scale vertical moisture advec-

tion is eliminated, the model generates only afternoon

(around 1600 LT) convection.

This study suggests an important role for the free-atmo-

spheric large-scale destabilization process in driving the

nocturnal precipitation over the Great Plains. Interestingly,

Guichard et al. (2004) and Chaboureau et al. (2004) obtained

a somewhat different sensitivity in CRMs with a similar

experiment over the Great Plains using the ARM dataset.

Their models produce only the afternoon convection. The

differences seem to be mainly caused by the differences in

the large-scale advection tendencies prescribed to the model,

where they selected them from a typical day of afternoon

convection case whereas we averaged them over all the

observing periods. As a result, their maximum moisture

increase by large-scale advection occurs in the early after-

noon, when the surface heat fluxes also have the diurnal

maximum (compare Fig. 3 of this paper and Fig. 1 of Gui-

chard et al.). Also note that, without the large-scale advection

tendencies, the GCE model tends to produce the daytime

convection at noon (compare EXP1 and EXP2 in Fig. 3),

implying that the daytime subsidence and drying could pos-

sibly delay the daytime convection to the late afternoon or

evening in the EXP1 case. The daytime subsidence coincides

well with the observed widespread downward motion over

the Great Plains associated with the descending branch of the

thermally driven mountain–plains circulation (Silva Dias

et al. 1987; Carbone and Tuttle 2008).
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The CAPE-type closure schemes implemented in many

GCMs for deep convection have an inevitable difficulty in

simulating nighttime convection, as they have to overcome

a large nighttime negative buoyancy layer below the

LFC (Kain and Fritsch 1992; Lee et al. 2008). This study

suggests that in order to overcome this problem, the

parameterizations of the cloud–radiation interaction and

middle-level convection need to incorporate the free-

atmospheric destabilization processes that we have seen in

the CRM simulation. In future work we plan to test the 3D

GCE model to examine the organization and propagation

characteristics of the mesoscale convective systems and

their influence on the diurnal cycle of precipitation in the

Great Plains.
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Appendix: Sensitivity tests

Sensitivity experiments were conducted to examine the

impact of the domain size and the horizontal resolution

changes on the simulated diurnal precipitation variability. For

simplicity, we selected the idealized case of EXP1 where the

model tends to generate both the daytime and nighttime pre-

cipitation from the imposed diurnally varying large-scale

advection and surface heat flux. We tested the GCE model in

four different settings with different domain sizes and hori-

zontal resolutions, which are summarized in Table 2. Each

experiment was run for 20 days for a quick evaluation and we

use the last 15 days to examine the diurnal variation. Due to

relative short-time integration period, the precipitation fre-

quency exhibits clearer diurnal variation than the precipitation

amount, which we compare in Fig. 11. These frequency

Table 2 A description of the sensitivity experiments to the domain

size and the horizontal resolution

Experiment Domain (x - z) Horizontal

resolution

Integration

days

EXP1a 128 - 20 km 250 m 20

EXP1b 256 - 20 km 1 km 20

EXP1c 512 - 20 km 1 km 20

EXP1d 512 - 20 km 250 m 20

Other configurations are exactly same as EXP1 that described in

Table 1 and the text

(a)

(c)

(b)

(d)

Fig. 11 Diurnal variations of

the frequency for the

precipitation events larger than

1 mm day-1 in the four

sensitivity experiments

a EXP1a b EXP1b c EXP1c,

and d EXP1d. The results are

calculated for the last 15 days

from the total 20-day

integrations
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statistics are stable when we differ the averaging period. The

results show that increasing the horizontal resolution from

1 km to 250 m (EXP1a) does not modify the simulated

diurnal cycle of precipitation significantly (compare Fig. 11a

with EXP1 in Fig. 4). The domain size seems to have a bigger

impact on the phase (timing of the peak) of the diurnal con-

vection. At a domain size of 256 km (EXP1b, Fig. 11b) the

results are quite similar to those from the 128-km domain

(EXP1). When, however, the GCE domain is extended to

512 km (EXP1c, Fig. 11c), the diurnal peaks tend to be

delayed in time both in the daytime and the nighttime pre-

cipitation. The delay is largest for the daytime precipitation

with the peak shifted into late evening. When we both extend

the domain to 512 km and reduce the grid spacing to 250 m,

the sensitivity is largest with only a late evening peak (EXP1d,

Fig. 11d).

A late evening peak in a bigger domain is intriguing

whether it is driven by boundary layer heating or free-

atmospheric large-scale advection. To address this issue,

we again select a single storm in this case (EXP1d) and

examine its temporal evolution following the storm center

(Fig. 12). The result is quite consistent with the daytime

convection in EXP1 (as shown in Fig. 6). In this case, the

simulation has slower transition from shallow to deep

convection (Fig. 12c). Surface precipitation (Fig. 12b)

reaches its maximum intensity after maximum develop-

ment of cloud (Fig. 12a) associated with deep convection

penetrating through the PBL. We found a similar high-

cloud destabilization process in the developing early

morning convection in the largest domain run of EXP1c

(not shown). Therefore, we conclude that the fundamental

mechanisms for diurnal convection that we identified in the

control simulations are qualitatively consistent with the

experiments with larger domains and finer resolution. This

is consistent with the sensitivity tests done with the 2D

GCE model by Johnson et al. (2002, see their Fig. 12).

The impact of the domain size and the resolution on the

individual storm can be understood better by comparing the

Hovmuller plots of precipitation (Fig. 13). The increase of

domain and resolution in general tends to increase the

lifetime of individual storms that propagate more slowly.

This explains the delay in the peak of the diurnal precipi-

tation (Lang et al. 2007). Both in the small and large

domain cases, precipitation develops regularly on a diurnal

basis, presumably due to the imposed, regular diurnal

forcing. We note that, even for the small domain, the cyclic

(a)

(b)

(c)

Fig. 12 Life cycle of the storm

developed in EXP1d. a The

total hydrometeors (g kg-1)

b the surface precipitation

(mm day-1), and c the vertical

motion (cm s-1). Others are

same as in Fig. 6a–c

M.-I. Lee et al.: Mechanisms of diurnal precipitation over the US Great Plains

123



lateral boundary condition in the GCE does not give any

unrealistic influence on the diurnal cycle due to the rela-

tively short durations of the simulated storms.

Although we examine the sensitivity for the idealized

case, we do not expect drastic changes for the case of

more realistic forcing, or for the case of 3D experiments.

Khairoutdinov and Randall (2003) tested their CRM with

the ARM IOP 1997 single-column model forcing and

found that the simulations are rather insensitive to changes

in the domain size and the horizontal resolution when these

are varied over a wide range. They further indicated that

the overall effects of increasing the model dimension from

2D into 3D are minor in terms of the evolution of the

simulated domain-mean fields such as precipitation and

total precipitable water (see their Fig. 2). They did, how-

ever, find more rapid temporal fluctuations in the 2D model

compared with the 3D counterpart (Grabowski et al. 1998;

Tompkins 2000). They suggested that continuous, strong

large-scale forcing in the CRM simulation might constrain

the model too much to reveal any model differences.
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